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Analysis of cerebral autoregulation by measuring spontaneous oscillations in the low 
frequency spectrum of cerebral cortical vessels might be a useful tool for assessing 
risk and investigating different treatment strategies in carotid artery disease and stroke. 
Near infrared spectroscopy (NIRS) is a non-invasive optical method to investigate regional 
changes in oxygenated (oxyHb) and deoxygenated hemoglobin (deoxyHb) in the outer- 
most layers of the cerebral cortex. In the present study we examined oxyHb low fre- 
quency oscillations, believed to reflect cortical cerebral autoregulation, in 16 patients with 
both symptomatic carotid occlusive disease and cerebral hypoperfusion in comparison 
to healthy controls. Each hemisphere was examined with two NIRS channels using a 
3cm source detector distance. Arterial blood pressure (ABP) was measured via a finger 
plethysmograph. Using transfer function analysis ABP-oxyHb phase shift and gain as well 
as inter-hemispheric phase shift and amplitude ratio were assessed. We found that inter- 
hemispheric amplitude ratio was significantly altered in hypoperfusion patients compared 
to healthy controls (P = 0.010), because of relatively lower amplitude on the hypoperfu- 
sion side. The inter-hemispheric phase shift showed a trend (P = 0.061) toward increased 
phase shift in hypoperfusion patients compared to controls. We found no statistical differ- 
ence between hemispheres in hypoperfusion patients for phase shift or gain values. There 
were no differences between the hypoperfusion side and controls for phase shift or gain 
values. These preliminary results suggest an impairment of autoregulation in hypoperfusion 
patients at the cortical level detected by NIRS. 
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INTRODUCTION 

Cerebral autoregulation is an intrinsic protective mechanism 
of the cerebral vessels to insure hemodynamic stability despite 
changes in the systemic blood pressure (1). A response of the 
middle cerebral artery velocity ( Vmca) as assessed by transcranial 
Doppler (TCD) after spontaneous changes in arterial blood pres- 
sure (ABP) in the low frequency range is described as spontaneous 
cerebral autoregulation ( 2 ) and has become an established method 
of assessing cerebral autoregulation in cerebrovascular diseases (3, 
4). While there is no gold standard for assessing spontaneous cere- 
bral autoregulation it has been commonly examined by analysis 
of phase shift and gain (amplitude ratio) between ABP measured 
by the finger cuff method and 0.1 Hz low frequency oscillations 
(LFOs) of Vmca, measured by TCD (2). Examination with TCD 
allow for the major arteries to be investigated, but does not directly 
assess smaller vessels. 

Instead near infrared spectroscopy (NIRS) may be used as a 
non-invasive optical method to investigate regional changes in 
oxygenated (oxyHb) and deoxygenated hemoglobin (deoxyHb) in 
the outermost layers of the cerebral cortex. Beyond its widespread 
use for task-related functional imaging, it is also emerging as a 



novel modality to measure spontaneous cerebral oscillations and 
derive information about dynamic cerebral autoregulation (2, 5- 
7). We have previously shown, that LFOs phase shift between ABP 
and NIRS-derived oxyHb showed little inter-hemispheric vari- 
ability in healthy subjects (8). Thus, NIRS may be an ideal tool 
to measure subtle inter-hemispheric differences in spontaneous 
LFOs of oxyHb in cortical vessels in patients with hemodynamic 
impairment. 

In the present study we examined cortical cerebral autoregula- 
tion by measuring oxyHb LFOs in patients with both symptomatic 
carotid occlusive disease and cerebral hypoperfusion. We com- 
pared hypoperfusion side versus the contralateral side and one 
side in healthy controls for phase shift and gain parameters. Fur- 
thermore, we compared hypoperfusion patients versus healthy 
controls for inter-hemispheric phase shift and amplitude ratio. 

MATERIALS AND METHODS 
SUBJECTS 

We recruited 16 patients (14 male and 2 female, mean age 
65, range 54-78) diagnosed with symptomatic carotid occlusion 
and hypoperfusion (Table 1). All patients were diagnosed with 
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Table 1 | Patient detail. 

Sub Neurological CT/MRI Diagnosis SPECT Stenosis hypoperfusion Stenosis contralateral 

examination side (%) side (%) 



1 


Normal 


Normal 


TIA 


Unilat 


80-99 


60-; 


2 


Nornnal 


Basal ganglia^ 


TIA 


Unilat 


80-99 


0 


3 


Nornnal 


Normal 


TIA 


Unilat 


100 


0 


4 


Hemiparesis 


Frontal/occipital 


Infarct 


Unilat 


100 


0 


5 


Nornnal 


Subcortical 


Infarct 


Unilat 


100 


0 


6 


Normal 


Normal 


TIA 


Unilat 


100 


0 


7 


Normal 


Parietal/temporal 


Infarct 


Unilat 


100 


60-; 


8 


Normal 


Parietal 


Infarct 


Unilat 


100 


0 


9 


Normal 


Normal 


TIA 


Unilat 


100 


0 


10 


Hemiparesis 


Frontal 


Infarct 


Global 


0 


0 


11 


Normal 


Normal 


TIA 


Global 


100 


0 


12 


Normal 


Normal 


TIA 


Unilat 


0 


0 


13 


Normal 


Parietal/occipital 


Infarct 


Unilat 


0 


0 


14 


Normal 


Parietal 


Infarct 


Unilat 


0 


0 


15 


Hemiparesis 


Frontal 


Infarct 


Unilat 


100 


0 


16 


Normal 


Normal 


TIA 


Unilat 


100 


0 



Unless otherwise stated, neurological deficits and imaging findings are on the hypoperfusion side. Diagnosis is based on clinical examination and imaging. CT/MRI, 
place of lesion; CT computer tomography; MRI, magnetic resonance imaging; TIA, transitory ischemic attack on the hypoperfusion side; Infarct, infarct on the 
hypoperfusion side; SPECT single photon emission computer tomography. 
'CT/MRI with signs of older infarction. 



hypoperfusion based on SPECT with or without an acetazolamide 
challenge. The median time from the first symptoms occurred to 
examination was 18 months (range 1-108). For comparison, we 

used data from a group of 44 healthy controls (21 male, 23 female, 
mean age 47 years, range 28-69 years), which have previously been 
published ( ). 

The Biomedical Research Ethics committee in the Capital 
Region of Denmark approved the study (H-B-2008-088). All sub- 
jects gave informed consent to participate in the study, which was 
undertaken in accordance with the Helsinki Declaration of 1964, 
as revised in Edinburgh in 2000. 

NEAR INFRARED SPECTROSCOPY 

Near infrared spectroscopy measurements were performed using 
continuous wave NIRS (NIRS2; TechEn Inc., Milford, MA, 
USA). The NIRS optodes were placed with two sources and 
four detectors on each side of the head with a distance of 
3 cm between source and detector, each light source emitting 
two different wavelengths (690 and 830 nm). On each hemi- 
sphere, one source was placed on the forehead with one detector 
placed laterally, avoiding the midline sinus. The other source 
was placed on C3/C4 according to the International 10-20 
system of EEC with the three detectors in front, above, and 
behind the source. Thus, the detectors measured the cerebral 
cortex in the territory supplied by the middle cerebral artery 
(MCA). NIRS recordings were acquired at a sampling rate 
of 200 Hz. 

ARTERIAL BLOOD PRESSURE 

Continuous non-invasive ABP recording was achieved via a fin- 
ger plethysmograph (CNAP500) using the subjects left hand. 



positioned at heart level. Data from the finger plethysmograph 
was stored with the NIRS data for subsequent off-line analysis. 

PROCEDURES 

Before the experiments, each participant underwent a general 
physical and neurological examination. All experiments were per- 
formed with the patients placed in a supine position in a silent 
room with a constant temperature and the light dimmed. After 
15 min of rest in the supine position, data acquisition was started 
with a 10 min trial of spontaneous breathing. This was followed 
by a 5 min trial with paced breathing at a rate of six respiration 
cycles per minute (0.1 Hz). 

DATA ANALYSIS AND STATISTICS 

Data are presented as mean ± SD. All signals were analyzed in suc- 
cessive 50% overlapping time segments of 100 s. The NIRS light 
intensity at 690 and 830 nm were first converted to time series 
of variations in oxyHb concentrations using the modified Beer- 
Lambert law. On each time segment, we then computed the power 
spectra of all signals (ABP, oxyHb), the coherence spectra for ABP- 
oxyHb and the complex transfer function for ABP-oxyHb (The 
Math Works, Inc., Natick, MA, USA) The phase shift and gain 
between ABP oscillations and oxyHb were obtained as the phase 
and absolute value of the complex transfer function respectively. 
The LEO frequency was selected as the frequency with maximal 
ABP oscillation power in the 0.09-0.11 Hz range. In this man- 
ner, for each run we obtained 5 (5 min run) or 11 (10 min run) 
overlapping segments each characterized by a coherence value, a 
phase shift, and a gain for ABP-oxyHb. As in our previous study we 
selected the segments for which the coherence was above an arbi- 
trary threshold of 0.7 (8), and averaged the gain (linear average) 
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and the phase shift (circular average) over these selected segments. 
If the total number of segments with coherence above 0.7 was less 
than 3 for a specific run, we discarded that run. 

In the healthy controls the inter-hemispheric phase shift (LFO 
time difference between hemispheres) and amplitude ratio (LFO 
amplitude ratio between hemispheres) were obtained. In patients 
with hypoperfusion the inter-hemispheric phase shift was defined 
as the phase shift between the hypoperfusion and contralateral 
sides. Thus, a positive phase shift implied that the hypoperfu- 
sion side was ahead in time compared to the contralateral side. 
The inter-hemispheric amplitude ratio was defined as the ampli- 
tude ratio of contralateral/hypoperfusion sides. Thus, an ampli- 
tude ratio above 1 implied that the amplitude was lower on the 
hypoperfusion side compared to the contralateral side. 

We also analyzed the absolute values of inter-hemispheric phase 
shift and inter-hemispheric amplitude ratio percentage difference, 
to examine the inter-hemisphere synchronicity and amplitude dif- 
ferences. These analyses investigate whether the inter-hemispheric 
phase synchronicity and the inter-hemispheric amplitude differ- 
ences are significantly different in the healthy group and the 
hypoperfusion group, independently of whether the hypoper- 
fusion side is behind or ahead in time or whether it presents 
larger or smaller amplitude of oscillations in comparison to the 
contralateral side. 

Given that the hypoperfusion patients were clinically hetero- 
geneous, we divided them into two groups: (1) Patients with 
unilateral hypoperfusion and ipsilateral occlusion or stenosis of 
internal carotid artery (n = 9) and (2) Patients with global hypop- 
erfusion («= 2 ) unilateral hypoperfusion without internal carotid 
artery occlusion (« = 3) or hypoperfusion treated with EC-IC 
bypass before the examination (n = 2). 

The primary end-points were to compare for phase shift and 
gain for: 

(A) Hypoperfusion side versus contralateral side in group 1 
patients. 

(B) Hypoperfusion side in group 1 patients versus healthy 
controls. 

(C) Direct inter-hemispheric phase shift and amplitude ratio in 
group 1 patients versus healthy controls. 

Near infrared spectroscopy values between hemispheres were 
compared for hypoperfusion patients using the non-parametric 
Wilcoxon signed-rank test. NIRS values between patients and 
healthy controls were compared using multiple regression analysis 
with age, gender, and hypoperfusion patient/healthy control status 
as independent parameters. 

All analyses were performed with SPSS (18.0). We made no 
adjustment for multiple analyses. Thus, the level of significance at 
0.05 was accepted for each comparison. 

RESULTS 

All patients completed the study, but one subject in group 1 
was only examined with forehead recordings due to technical 
limitations. 

In group 1 the percentage of recordings excluded because of 
low coherence (less than three windows) from the forehead were 



22% on the hypoperfusion side (seven subjects remaining for 
analysis), and 44% (five subjects remaining for analysis) on the 
contralateral side which was not statistically different from healthy 
controls (24% excluded) , P = 0.711 . The percentage excluded from 
the parietal recordings was 63% on the hypoperfusion side and 
29% on the contralateral side, which was not statistically differ- 
ent (P = 0.804). Because of the low number of patients and the 
low coherence in the parietal recordings, analysis was based on 
the results from the forehead. For the inter-hemispheric relation 
between hemispheres, 22% of the forehead recordings had low 
coherence in hypoperfusion patients (seven subjects remaining 
for analysis), and 7% in healthy controls, P = 0.200. With paced 
breathing at 0.1 Hz we attempted to modulate the LFOs, but it 
showed very low coherence in general, and was therefore not 
analyzed further. 

HYPOPERFUSION VERSUS CONTRALATERAL SIDE 

The LFO ABP-oxyHb phase shift on the hypoperfusion side 
(31 ±30°), tended to be higher than on the contralateral side 
(70 ±50°), P = 0.080, Figure lA. There was no significant dif- 
ference in ABP-oxyHb gain between the hypoperfusion side 
(0.7 ±75%), and the contralateral side (1.2 ± 133%), P = 0.225, 
Figure IB. 

HYPOPERFUSION PATIENTS VERSUS HEALTHY CONTROLS 

Forehead measurements from the hypoperfusion side were com- 
pared to the left side of healthy controls. We found no dif- 
ference in phase shift between patients (31 ±30°) and healthy 
controls (13 ± 25°), P = 0.186, Figure lA. There was also no dif- 
ference in gain between patients (0.7 ± 75%) and healthy controls 
(0.3 ± 190%), P = 0.389, Figure IB. 

INTER-HEMISPHERIC RELATION IN PATIENTS VERSUS HEALTHY 
CONTROLS 

Mean phase shift from the hypoperfusion side to the contralateral 
side (14 ±34°) was not different compared to left to right phase 
shift in healthy controls (4 ± 13°), P = 0.463, Figure IC. There was 
a tendency toward higher inter-hemispheric absolute phase shift in 
hypoperfusion patients (23 ± 27°) compared to healthy controls 
(9± 10°), P = 0.061. 

There was a significantly higher mean amplitude ratio for 
contralateral/hypoperfusion side in patients (1.3 ±0.5) com- 
pared to healthy controls (0.9 ±0.2), P = 0.010, Figure ID. 
The mean percentage amplitude difference in hypoperfusion 
patients (44 ± 32%) was also higher compared to healthy controls 
(16±14%),P = 0.003. 

Phase shift and gain values for group two patients are presented 
in Table 2. 

DISCUSSION 

We found that inter-hemispheric amplitude ratio was significantly 
altered in hypoperfusion patients compared to healthy controls, 
due to relatively lower amplitude on the hypoperfusion side. There 
was a trend toward increased phase shift in inter-hemispheric 
phase shift in patients. We found no statistical difference between 
hemispheres for hypoperfusion patients for phase shift or gain, and 
no difference for hypoperfusion side compared to healthy controls 
for phase shift or gain values. 
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FIGURE 1 I Mean and ±SD of (A) phase shift ABP-oxyHb on 
hypoperfusion side, contralateral, and for healthy. (B) Gain ABP-oxyHb 
on liypoperfusion side, contralateral, and for healthy. (C) Inter-hemispheric 



phase shift hypoperfusion to contralateral side and for healthy. 

(D) Inter-hemispheric amplitude ratio contralateral/hypoperfusion side and 

for healthy. 



Table 2 | Phase shift and gain values for the patients with global hypoperfusion (sub 10 and 11), the patients without stenosis and occlusion 
(sub 12-14), patients that were treated with EC-IC bypass before examination (sub 15-16) and prediction intervals for healthy controls. 



Subject 




Phase shift 






Gain 




Hypoperfusion 


Contralateral 


Direct 


Hypoperfusion 


Contralateral 


Direct 


10 


LC 


LC 


12 


LC 


LC 


1.1 


11 


47 


53" 


-8 


0.6 


1.0 


1.3 


12 


10 


13 


-9 


2.0 


1.9 


1.1 


13 


88 


53 


-3 


1.4 


0.9 


1.3 


14 


LC 


LC 


11 


LC 


LC 


0.8 


15 


LC 


14 


33 


LC 


8.9 


1.1 


16 


-20 


29 


-48 


0.7 


0.6 


1.2 


HC PI 




-45, 75 


-21, 29 




0.03, 2.2 


0.6, 1.5 



HC, healthy controls; LC, low coherence Hess than three windows): PI, prediction interval. 
'Hemisphere with hypoperfusion, but no stenosis or occlusion. 



Assessing cerebral autoregulation through examination of 
spontaneous LFO with NIRS or TCD has the advantage of being 
without discomfort during recording, which ensure high compli- 
ance from the patients. Furthermore, NIRS directly investigates 
local changes in the cortical vessels, opposed to measurements of 
changes in Vmca via TCD. 



Previous studies of LFOs in carotid artery stenosis and occlu- 
sion has primarily investigated phase shift and gain between Vmca 
and ABP during spontaneous (3, 9) or paced breathing (10-12). 
These studies have showed a significandy lower phase shift for 
both spontaneous (9, 13) and paced breathing (12) on the affected 
side. Interestingly, LFOs gain between MAP and Vmca has also 
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been shown to decrease with increasing levels of stenosis (13). 
Phase shift was examined in combination with CO2 reactivity 
by Reinhard et al. and both were found to be reduced on the 
affected side, but no correlation was found between the two mea- 
surements (10). LFOs phase shift has also shown equally good 
sensitivity and specificity for detecting high-grade carotid steno- 
sis and occlusion as conventional tests such as CO2 vasoreactivity 
(13) and tilt test (3), making it at promising tool for CA assess- 
ment. Cortical vessels appear to be affected by large artery stenosis. 
Thus, Ziyeh et al. demonstrated decreased blood oxygen level 
dependent (BOLD) effect within the internal carotid artery ter- 
ritory in patients with high-grade carotid stenosis and occlusion, 
which also had impaired CO2 reactivity measured with TCD (14). 
Only one study has examined changes in LFO phase shift with 
NIRS and TCD simultaneously in asymptomatic patients using 
paced breathing (6). The study showed that both ABP-oxyHb and 
ABP-TCD phase shift was right-shifted in comparison to the con- 
tralateral side. Thus, the study suggests that oxyHb measurements 
may detect similar changes suggestive of cerebral autoregulation 
impairment as Vmca measurements (6). 

In the healthy brain, the inter-hemispheric phase shift is 
expected to be close to 0° and the inter-hemispheric amplitude 
ratio close to 1 (8), as a sign of the two hemispheres being syn- 
chronous and at the same level of cerebral autoregulation. In 
the present study, the direct inter-hemispheric relation showed 
a higher amplitude ratio and percentage amplitude difference in 
patients with hypoperfusion and ipsUateral carotid artery stenosis 
or occlusion compared to healthy controls. This novel finding is 
likely due to arterioles being compensatively dilated in the hypop- 
erfusion hemisphere by the demand of adequate perfusion and 
oxygen delivery distal to the stenosis. This could affect the capac- 
ity for LFO and thereby decrease the amplitude on the ipsilateral 
hemisphere distal to the stenosis. This mechanism is supported by 
previously mentioned studies showing reduced CO2 vasoreactivity 
on the side of carotid stenosis or occlusion (9, 10). Furthermore, a 
previous NIRS study (15) reported that frontal OxyHb LFOs were 
reduced in patients with previous ischemic infarction compared 
to healthy controls. This suggests that cerebrovascular disease may 
result in decreased vasodilatory capability or increased vascular 
stiffness. 

The absolute inter-hemispheric phase shift showed a trend 
toward less synchronicity between hemispheres in hypoperfusion 
patients compared to healthy controls. However, there was no sig- 
nificant difference when analyzing the inter-hemispheric phase 
shift from hypoperfusion to contralateral side. Thus, there was no 
indication of oscillations on the hypoperfusion side being system- 
atically ahead or behind in time to oscillations on the healthy side. 
However, these results need to be interpreted with care due to the 
low number of subjects, which could lead to type 2 errors. 

The strength of analyzing inter-hemispheric differences is that 
each subject serves as its own reference. ABP-oxyHb values will be 
more sensitive to errors due to the actual geometry of each head. 
Thus, by measuring inter-hemispheric differences, we are less sen- 
sitive to variability between subjects and thereby minimize model 
errors. 

Group 2 was a very heterogenous group and statistic compar- 
ison within the group was not possible. When looking at the 



predictive intervals obtained from healthy subjects, the values 
found in group 2 were mostly within normal range, which would 
be expected for ABP-oxyHb gain because of the very wide nor- 
mal range, but not for phase shift and inter-hemispheric values. 
The long time period from debut of symptoms to examination, 
the EC-IC bypass for two of the subjects and thereby possible 
normalization of LFOs could be part of the explanation of these 
normal values. Involvement of both hemispheres results in normal 
inter-hemispheric values. 

The study has limitations which need to be acknowledged. The 
number of subjects in this study is low and it is therefore not 
possible to make any conclusions regarding the non-significant 
findings. The significant results in this study, was found in inter- 
hemispheric data compared to healthy controls, which requires 
access to normative data or evaluation over time. There are also 
potential confounding factors such as medication, recent stroke, 
or the level of collateral circulation that may affect CA assessed 
via LFOs analysis. In support of this, Reinhard et al. (16) reported 
decreased paced LFOs phase shifts with the recruitment of sec- 
ondary collateral pathways, that is, a retrograde flow via the 
external carotid and ophthalmic artery and leptomeningeal col- 
lateral flow via the posterior cerebral artery. The significant inter- 
hemispheric changes found could potentially be due to movement 
artifacts resulting in decreased synchronicity between hemispheres 
as well as larger amplitude difference, but we have no indication 
of hypoperfusion patients having moved more during recording 
sessions. Furthermore, because of multiple comparisons, there is 
an increased risk of type 1 error. Coherence was very low in the 
present study, which resulted in exclusion of all paced breathing 
data. Our coherence limit is higher than in other groups (6). At 
present, there is no recognized standard for analyzing NIRS LFOs, 
and therefore it is unknown whether the lack of coherence during 
paced breathing is due pathophysiology, patient compliance, or 
technical issues. 

In conclusion, our preliminary results suggest that inter- 
hemispheric gain was significantly altered in hypoperfusion 
patients compared to healthy controls and that inter-hemispheric 
phase shift showed a trend toward higher absolute phase shift in 
hypoperfusion patients compared to controls. Investigation of cor- 
tical vascular changes in hypoperfusion patients is feasible using 
NIRS and future studies are warranted. 
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